An improved mathematical model was used to extend polarization curves for direct propane fuel cells (DPFCs) to larger current densities than could be obtained with any of the previous models. DPFC performance was then evaluated using eleven different variables. The variables related to transport phenomena had little effect on DPFC polarization curves. The variables that had the greatest influence on DPFC polarization curves were all related to reaction rate phenomena. Reaction rate phenomena were dominant over the entire DPFC polarization curve up to 100 mA/cm 2 , which is a value that approaches the limiting current densities of DPFCs. Previously it was known that DPFCs are much different than hydrogen proton exchange membrane fuel cells (PEMFCs). This is the first work to show the reason for that difference. Reaction rate phenomena are dominant in DPFCs up to the limiting current density. In contrast the dominant phenomenon in hydrogen PEMFCs changes from reaction rate phenomena to proton migration through the electrolyte and to gas diffusion at the cathode as the current density increases up to the limiting current density.
Introduction
The characteristics of direct hydrocarbon fuel cells (DHFCs) are different than those of hydrogen fuel cells (H2FCs). H2FCs have current densities (reaction rates) that are normally two orders of magnitude greater than DHFCs. Consequently much more research has been performed on H2FCs than on DHFCs. That research has produced many improvements since the initial H2FC experiment performed by Grove [1] in 1839. There are now commercially viable H2FC products available such as materials handling equipment (fork lifts) and fuel cell systems that generate stand-by electrical power. Furthermore, fuel cell powered automobiles can now be purchased in several countries. Perry and Fuller [2] and Eisler [3] have documented some of the history of H2FC development.
In spite of the success enjoyed by H2FCs, there are several factors that favor DHFCs over H2FCs. (a) Existing infrastructure makes hydrocarbon fuels (natural gas, liquefied petroleum gas [LPG] or propane, gasoline, diesel fuel) available almost everywhere. In contrast infrastructure to supply hydrogen fuel does not exist in most places. The cost of manufacturing hydrogen varies with the energy source used to make it. The lowest cost hydrogen is obtained from hydrocarbons (e.g., natural gas) using complex processes involving the steam reforming reaction, high and low temperature water gas shift reactions, and hydrogen purification. More expensive hydrogen can be produced from renewable energy (solar or wind technologies) followed by water electrolysis. [4] . In contrast that for hydrogen is 0.63 (a combination of 0.83 [4] for the electrochemical energy efficiency and 0.75 for the energy efficiency of the endothermic hydrocarbon steam reforming reaction). Every carbon atom used in a DHFC or in a combination of a process to make hydrogen from hydrocarbons and a H2FC will produce one carbon dioxide molecule. The above difference in their theoretical energy efficiencies indicates that the amounts of carbon dioxide emitted to the atmosphere per unit of energy generated could be smaller for DHFCs than for H2FCs.
Grove performed the first DHFC experiment [5] in 1845. Early research on DHFCs by Becquerel, Jablochkof, Jacques, Borchers, Liebenow and Stresser, Haber, and Hofmann has been documented by Ketelaar [6] , who concluded that "fuel cell development had reached a relatively low level during the first 100 years of research". In the 1960s a concentrated research effort on DHFCs was funded in the USA. Results from that program have been reported in three reviews [4, 7, 8] . Sporadic DHFC research has been performed since that time. In our laboratory a phosphoric acid fuel cell was used for experiments that included a commercial low-sulphur diesel fuel at 200 ∘ C [9] . Although the current densities were extremely small, the results were encouraging in that steadystate operation was demonstrated for 15 hours with each of four different diesel fuels.
Recently there have been several more encouraging DHFC studies using high temperature direct hydrocarbon solid oxide electrolyte fuel cells (SOFCs). In those studies an internal reforming catalyst layer had been added to the anode catalyst layer. Its purpose was to convert the hydrocarbon to hydrogen before it reached the adjacent anode catalyst layer. Lee and coworkers [10] added a Ni-Fe reforming catalyst layer to an anode layer consisting of NiO-YSZ (yttria stabilized zirconia) in experiments with methane at 750 ∘ C. Later [10] they reported a 1000 h continuous fuel cell operation using a ceria coated Ni reforming catalyst in experiments with methane at 610 ∘ C. Liu and coworkers [11] added a reforming catalyst layer containing Ni, YSZ, and BaZr (1− ) Y O (3− ) in experiments with iso-octane at 750 ∘ C. Zhang et al. [12] showed that direct propane solid oxide fuel cells having electrodes composed of a blend of silver and gadolinium doped ceria maintained a stable performance for 160 h timeon-stream. However experiments with a nickel-gadolinium doped ceria experienced serious deactivation after 40 h of time-on-stream. In all of the above reports on SOFCs the current densities were slightly smaller but of the same order of magnitude as those in H2FCs.
Propane was the fuel chosen for this work for two reasons. Propane is used to provide space heating in rural areas. Therefore the infrastructure for direct propane fuel cells (DPFCs) in rural areas is already in place. Second, the cost for an electrical utility to deliver electrical power in rural areas is much greater than in urban areas even though the price of electrical power in rural and urban areas is similar. Therefore electrical power from a fuel cell system in a rural location may be cost competitive with rural electrical power costs even if it is too expensive for urban areas.
Results with low temperature proton exchange membrane fuel cells (PEMFCs) operating on propane have been less encouraging. Some of the most promising results with propane from the 1960s were obtained with a phosphoric acid electrolyte, Grubb and Michalske [13] , and with a hydrofluoric acid electrolyte, Cairns [14] . However, in recent years only a limited amount of work has been reported on DPFCs. Examples are the propane work using Nafion and polybenzimidazole electrolyte membranes by Savadogo and Varela [15] and using a polybenzimidazole membrane by Cheng et al. [16] .
Our long-term objective is to seek DPFC characteristics (processing conditions, materials, and equipment configurations) for which the performance of low temperature DPFCs would become competitive with H2FCs. Two steps are necessary to achieve this objective: (a) identifying the limiting phenomena that are responsible for small current densities in DPFCs and (b) identifying the DPFC characteristics that would remove those limitations.
To contribute to the first step, in this work we have used mathematical modeling to examine the effect of several variables that influence DPFC performance. Experiments are always more definitive than models. However there are some variables that are extremely difficult to measure experimentally. An example would be the pressure gradient across the electrolyte layer. In contrast they can sometimes be computed precisely using models. By studying large changes in each of the variables, it should be possible to identify those variables having the greatest potential to improve fuel cell performance.
Mathematical models of fuel cells have been used to describe a wide range of physical, chemical, electrochemical, and mass transfer phenomena. There were several early models. Verbrugge and Hill [17] used dilute solution theory to describe the migration of protons in a fuel cell having a perfluorosulfonate ionomer membrane. Springer et al. [18] developed one of the first models for a hydrogen fuel cell. It predicted a ratio of water flux to proton flux in a Nafion 117 membrane that was consistent with the experimental value. Bernardi and Verbrugge, [19] modeled the transport mechanisms of several species within a PEMFC and found that the diffusion of dissolved gases to the catalyst limited fuel cell performance. Since then models of various complexities have been developed from simple (analytical models), Kim et al. [20] , to more complex (mechanistic models), Amphlett et al. [21] , and numerical models, Weber and Newman [22] . An extremely large body of literature describing fuel cell models now exists. Some recent reviews are those by Jarauta and Ryzhakov [23] , Salomov et al. [24] , and Zhang and Jiao [25] .
The first mathematical model of a direct propane fuel cell (DPFC) was developed by Psofogiannakis et al. 2006 [26] . It was a one-dimensional computational fluid dynamics (CFD) model. It used a phosphoric acid electrolyte and Pt anode catalyst. Overpotential was found to control fuel cell performance. Subsequently, Khakdaman et al. [27, 28] developed a two-dimensional mathematical model based on a proton exchange membrane and a Pt anode catalyst. It correctly described the transport of charged species. The electrons (negatively charged) migrated from the anode to the cathode in response to an electrical potential difference. The protons (positively charged) diffused from the anode to the cathode in response to a proton concentration difference. Recently Danilov et al. [29] described a tank-in-series reactor model to describe a direct propane fuel cell.
In this work a two-dimensional direct propane fuel cell model is described, which is an improvement over the models of Khakdaman et al. [28] . A progressive time-stepping method was used to improve convergence so that polarization curves could be predicted over a greater range of current densities. The model was used to investigate an array of variables. The variables were placed in two groups. One group of variables affected mass transport processes. The other group of variables was related to phenomena that occur on the electrochemical catalyst surfaces and therefore affected the reaction rate.
An overview of this work can be summarized in two statements. The main aim of the work described here was to identify the limiting phenomena that might be responsible for the small current densities observed in DPFCs. The novelty of the results reported is that all of the computations were consistent with a single phenomenon limiting the performance of DPFCs.
Model Description
The model is based on the following desirable reactions occurring in the fuel cell. The reaction between propane and water at the anode
and the reaction between oxygen in air with protons and electrons at the cathode
can be combined to produce the following overall fuel cell reaction.
The electrode potentials at 25 ∘ C for the anode, A , and cathode, C , together with the fuel cell potential difference, û CELL , [30] are also shown above with their respective stoichiometric reactions.
An undesirable reaction, carbon formation, is thermodynamically possible via an overall fuel cell reaction in which C rather than CO 2 is the product of the reactants in (3) (û CELL = 0.071 V [30] ). However, carbon formation has not been generally reported in the fuel cell literature for propane [13] [14] [15] [16] [17] [18] . Specifically Grubb and Michalske reported 99.3 % carbon dioxide formation in 44 experiments using a phosphoric acid aqueous electrolyte [13] . Cairns reported 100 % carbon dioxide using a hydrofluoride aqueous electrolyte [14] . Savadogo and Rodriguez [15] reported 100% CO 2 using Nafion and polybenzimidazole polymer electrolytes. Cheng et al. [16] reported that CO and CO 2 were the only products formed using a polybenzimidazole polymer electrolyte. Nevertheless, carbon formation has been reported in fuel cell experiments with longer chain hydrocarbon molecules, n-octane [7] , and diesel fuel [9] . In contrast, carbon formation has never been reported in any low temperature direct hydrocarbon fuel cell when methane was the fuel. These experimental results suggest that the hydrocarbon chain length of the fuel molecule determines whether or not carbon is formed in a direct hydrocarbon fuel cell. Since carbon formation was not reported in the fuel cell experiments with propane, its formation was not included in this model.
The modeling domain of the DPFC consisted of an anode catalyst layer (ACL), an electrolyte (membrane) layer (ML), and a cathode catalyst layer (CCL). Zirconium phosphate (Zr(HPO 4 ) 2 •H 2 O or ZrP) was the proton conducting material or the electrolyte used in the model. The membrane layer consisted of solid ZrP that filled the pores of porous polytetrafluoroethylene (PTFE) [31] . The catalyst layer was composed of carbon supported platinum (Pt) catalyst and ZrP electrolyte. Interdigitated flow fields (IDFF) were used both for the anode and cathode. One of the flow channels in the flow field was used for the reactants and the other for the products. The catalyst layer was composed of three phases, i.e., the gas phase, the solid electrolyte phase, and the solid catalyst phase.
Khakdaman's mathematical description [28] of a fuel cell formed the starting point for the model used here. Four conservation equations were used in the model: the conservation of momentum, total mass, total charge, and individual component species including a reaction term. The governing equations of the model included (a) the conservation of mass in the gas phase, (b) the Ergun equation, (c) the Butler-Volmer equation (used to calculate the reaction rate at the anode and cathode), and (d) conservation equations for water and for protons in the electrolyte phase and in the two catalyst layers.
The governing equations are shown below: (a) Conservation of mass in the gas phase
Mass conservation in the gas phase is described by (4) . Electrochemical reactions in the gas phase can be either a source or sink. They are described by the second term in the equation.
(b) Conservation of momentum in the gas phase
The Ergun equation in linear form is shown in (5) . Since the catalyst layers are packed beds, the Ergun equation can be used to calculate the pressure profiles in the gas phase. The magnitude of the quadratic term in the Ergun equation is much smaller than that of the linear term at the conditions used in this study. The velocity and pressure profiles in the gas 4
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(c) Conservation of noncharged species in the gas phase
and CO 2 for the anode, and O 2 and H 2 O for the cathode. Equation (6) was used to obtain mass balances for each of the individual gas phase species. Separate terms for convection, diffusion, and reaction are included in (6) .
(d) Conservation of species in the electrolyte phases of the membrane and catalyst layers (d1) For water
(d2) For protons
Mass balances for water and protons in the electrolyte phases of the catalyst and membrane layers were obtained using (7) and (8) . Concentrated solution theory through the generalized Maxwell Stefan equations was used to describe diffusion. The terms are composition-dependent parameters obtained using the methodology given by Khakdaman et al. [31] that include the diffusivities for the various mobile species.
(e) Butler-Volmer equation at the anode
where,
The rate of production of protons at the anode, j A , is described by the Butler-Volmer equation in (9) and has a positive value. The exchange current density used in (9) is given in (10) . It is a function of both the operating temperature and the partial pressure of the propane reactant. The anode reference exchange current density (j C3-Ox ) 0-ref term includes the reaction rate constant for the anode reaction. 
The rate of consumption of protons at the cathode is described by the Butler-Volmer equation in (11) and has a negative value. The exchange current density used in (11) is given in (12) . It is a function of the operating temperature and the partial pressure of the oxygen. The cathode reference exchange current density (j 2− ) 0− term includes the reaction rate constant for the cathode reaction.
(g) The overpotentials at the anode, A , and cathode, C , are given by (13) and (14), respectively.
In the work described here Khakdaman's model [28] was improved by adding a progressive time-stepping method within the iteration loop that contained all the governing equations. The modified iteration loop is shown on the righthand side of the modeling flow chart shown in Figure 1 . This progressive time-stepping method speeds up the computation of the polarization curve by doing a fixed number, N, of time-steps (N=19 for Φ Ag -Φ Ni ≥ 0.793 and N=39 for Φ Ag -Φ Ni < 0.793). After the N time-steps, Φ Ag -Φ Ni is decremented by a small value to proceed further along the polarization curve instead of completing the time loop before changing Φ Ag -Φ Ni . Φ is the equilibrium potential of the cathode, Ag, and anode, Ni, electrodes, respectively. The progressive time-stepping method included a local overpotential cut-off value at the anode and cathode of 0.432 V. Any grid point having an overpotential larger than 0.432 V was forced to take the value 0.432 V. This occurred at very few points in the anode and cathode. The value of 0.432 V was set by trial and error to limit the impact of this cut-off. Figure 2 shows the fuel cell performance predicted by the DPFC model with and without the progressive timestepping method in the iteration loop. The figure represents the polarization curve for a DPFC at 150 ∘ C and 1 atm. It is a plot of cell potential difference, ΔΦ cell (V), versus current density (mA/cm 2 ). The progressive time-stepping method improved convergence and thereby is seen to extend the polarization curve to larger current densities. Specifically, convergence occurred up to a current density of 106 mA/cm The DPFC polarization curve shown in Figure 2 resulting from the progressive time-stepping method was used as the reference case. The reference case polarization curve was compared to the other polarization curves that were obtained at the variety of conditions investigated in this study. The maximum current density at which convergence occurred was different for each variable investigated. Values for the various variables used in the DPFC model are shown in Table 1 . Design and operational variables, other than those in Table 1 , were the same as the ones reported by Khakdaman et al. [28] . Several assumptions were made during the development of the model. As explained already, one of the assumptions was that no solid carbon was formed from the propane feedstock and that all of the carbon atoms in the feedstock left the fuel cell in the form of carbon dioxide. Also it was assumed that no degradation in fuel cell performance occurred by any other phenomena (e.g., CO poisoning of Pt anode catalyst). Several properties, diffusivities, proton conductivity in the electrolyte, electrical resistivity in the membrane, and charge transfer coefficients were assumed to have the values shown in Table 1 . It was assumed that concentrated solution theory could be used to describe the behavior of species in the electrolyte. It was assumed that the mole fraction in the electrolyte could be calculated by assuming that each proton was associated with one water molecule rather than multiple water molecules. It was assumed that there was no crossover of propane from the anode catalyst layer to the cathode catalyst layer.
Results and Discussion
Polarization curves are plots of potential difference between the anode and cathode, ΔΦ cell , (V) versus current density (mA/cm 2 ). The operating conditions were 150 ∘ C and 1 atm. For hydrogen PEMFCs polarization curves can be divided into different regions. In each region a different mechanism controls the performance of the fuel cell. At small current densities the reaction rate is controlled by the electrode overpotential, . At intermediate current densities Ohmic losses (proton transport across the electrolyte) control the reaction rate. Finally at high current densities, mass transfer limitations (e.g., oxygen transport through liquid water at the cathode of a PEM fuel cell) may control the reaction rate. When the value of a variable was changed in this study, its effect on the polarization curve was used to indicate its impact on the performance of the fuel cell. In the investigation reported here, all the variables were held constant (at the same values as in the reference case) except for the variable being studied.
The first variable investigated was the anode reference exchange current density, (j C3-Ox ) 0-ref . The reference exchange current density represents the electrocatalytic properties of the catalyst used in the membrane electrode assembly (MEA) of the fuel cell. It includes the rate constant for the electrocatalytic reaction. Changes in the reference exchange current density reflect changes in the rate constant. The effect of the anode reference exchange current density on the overall performance of a direct propane fuel cell (DPFC) is shown in Figure 3 . A current density of 40 mA/cm 2 was chosen to compare the results obtained in Figure 3 . As the anode reference exchange current density (j C3-Ox ) 0-ref increased by four orders of magnitude (i.e., from 0.07 to 7 to 700 mA/m 2 ), the potential difference between the fuel cell electrodes also increased (i.e., from 0.38 to 0.72 to 1.04 V, respectively). These data indicate that the anode reference exchange current density (and therefore the anode catalyst composition) has a large impact on fuel cell performance.
The Butler-Volmer equation for the anode is shown in (9) . The anode exchange current density, j 0 A , like the anode reference exchange current density, is related to the rate constant Table 1 : Operational, electrochemical, and design parameters of the reference case of the DPFC model (see [28] All the other parameters were the same as the reference case mentioned in Table 1. 8
International Journal of Electrochemistry (k) for the electrochemical reaction. Therefore changing the catalyst composition can change the rate constant and thereby change both the reaction rate and the current density. For hydrogen-oxygen fuel cells with acidic membranes and platinum electrodes, the anode exchange current density can be five to seven orders of magnitude greater than the cathode exchange current density [32] . Nevertheless anode composition does have an effect. For example, with hydrogen fuel cells changing the composition of the anode from Pt to Ir can cause a change in the anode exchange current density of almost two orders of magnitude [33] . Therefore anode composition (and therefore anode exchange current density) does cause a difference in performance as indicated in Figure 3 .
Direct hydrocarbon fuel cells are different than hydrogen fuel cells. For example, with platinum electrodes the anode exchange current density for ethylene and the cathode exchange current density for oxygen are virtually the same. [33] . Similarly our previous work with propane-air fuel cells [27] indicated that the exchange current density at the anode was somewhat less than that at the cathode. These examples indicate that the difference between the anode and cathode exchange current densities is much larger in hydrogen fuel cells than in direct hydrocarbon fuel cells.
The review by Davydoda et al. [34] shows that the beginning of life performance with anion exchange membranes approaches that of proton exchange membranes. It is now known that the performance of platinum anode catalysts with anion exchange membranes is much worse than with proton exchange membranes. Experiments in anion exchange membrane fuel cells with several non-platinum anode catalysts indicated that the results varied with anode catalyst composition. A Ni-Mo anode catalyst was one of the best non-platinum catalysts [34] . It is apparent that the family of fuel cells having anion exchange membranes is similar to direct hydrocarbon fuel cells in that the anode catalyst composition has a large effect on fuel cell performance in both of them.
There are some indications that it may be possible to improve the performance of the anode catalysts and therefore improve the performance of the anode exchange current density, in direct hydrocarbon fuel cells. We have performed density functional theory computations for anode electrodes having different compositions [32, 35] . The base calculation was made with an anode electrode composition of pure nickel, which is used in the anodes of alkaline fuel cells. Subsequently calculations were performed with copper-nickel alloys. The activation energy of some alloy catalyst was found to be one-third of the value of a pure nickel electrode [35] .
The effect of the cathode reference exchange current density, j( O2-Rd ) 0-ref , on the performance of the DPFC is shown in Figure 4 . At a current density of 40 mA/cm 2 , as the cathode
by two orders of magnitude (i.e., from 3 to 300 nA/m 2 ), the potential difference between the fuel cell electrodes also increased (i.e., from 0.38 to 0.54 V, respectively). From these observations, it was clear that the cathode reference exchange current density (and therefore the cathode catalyst composition) also had a large effect on fuel cell performance but not as much as the anode reference exchange current density.
Like the anode composition mentioned above, changing the cathode composition can affect the cathode exchange current density. Numerous studies have been performed in which the cathode catalyst composition has been changed in order to improve the oxygen reduction reaction at the cathode. Wang et al. [36] incorporated polyhedron nanocrystals into the cathode catalyst layer and reported improved performance. Liang et al. reported superior performance with intermetallic metal-platinum (metal = Fe, Co, Cu, Ni) nanocrystals [37] as the cathode catalyst. Chandran et al. [38] used Pd alloys. Liu et al. [39] reported that a Pt-Co alloy was superior to pure Pt, Pt-Ni, and Pt-Fe alloys. Kiani et al. [40] reviewed a variety of non-platinum cathode catalysts. The review by Higgins and Chen [41] indicated that the most promising catalyst materials are prepared by the pyrolysis of transition metal-nitrogen-carbon complexes. In each of these cases a change in the cathode catalyst composition (which affects cathode exchange current density) caused a change in performance.
The catalyst layer thickness in both the anode (Th A ) and cathode (Th C ) are other variables that could also affect the fuel cell performance, because they affect the volume of the catalyst per unit face area available for the reaction. Both layers had the same thickness (Th A = Th C ) in the polarization curves shown in Figure 5 . At a current density of 40 mA/cm 2 , as the thickness of the catalyst layers (Th A and Th C ) was increased by a factor of two (i.e., from 0.2 to 0.4 mm), the potential difference between the fuel cell electrodes also increased (i.e., from 0.335 to 0.41 V corresponding to 23%). From these observations, it was evident that catalyst layer thickness did have an impact on the overall performance of the DPFC. It should be noted that the catalyst layer thickness only increased by a factor of two and not by the orders of magnitude increases made for the exchange current densities.
Darab et al. [42] performed hydrogen fuel cell experiments in which the thickness of the cathode catalyst was varied. In their work they kept the total Pt loading constant. They found that the initial electrochemical performance was independent of catalyst layer thickness. The results in Figure 5 were obtained with the Pt catalyst content increasing with increasing thickness of the catalyst layer. The results of constant performance with constant total Pt that were obtained by Darab et al. would appear to be consistent with the results in Figure 5 where the performance improved as the total Pt content increased (total Pt content increased with increasing catalyst layer thickness).
The variable investigated in Figure 6 was the membrane layer thickness (Th M ) of the fuel cell. Its effect can be seen when the Ohmic loss is rate controlling, normally the middle part of a hydrogen polarization curve. At a current density of 40 mA/cm 2 , as the thickness of the electrolyte (membrane) layer was increased by a factor of five, from 100 to 532 m, the potential difference between the fuel cell electrodes decreased from 0.38 to 0.35 V. Furthermore, All the other parameters were the same as the reference case mentioned in Table 1. when the membrane layer thickness (Th M ) was increased from 25 to 100 m, there were no significant changes in potential difference. From these observations, it was evident that the resistance caused by the membrane layer thickness did not have a significant effect on the fuel cell performance in comparison to other variables. De Caluwe et al. [43] measured the properties of Nafion membranes of varying thickness. They found that the relationship between the water content and the proton conductivity was nonlinear. They did not report any measurements of fuel cell performance.
The proton conductivity ( ELY ) of the membrane (electrolyte) layer was also investigated. The term proton conductivity refers to the migration of protons caused by an electrical potential gradient. It is different than proton diffusivity that will be discussed next. The effect of the membrane layer proton conductivity ( ELY ) on the fuel cell performance can be seen in Figure 7 . At a current density of 40 mA/cm 2 , when the proton conductivity of the electrolyte (membrane) layer ( ELY ) was increased from 5 S/m to 1x10 20 S/m, there was no significant change in fuel cell performance. Therefore the membrane layer proton conductivity was not rate limiting and had almost no effect on the performance of the DPFC.
Zaidi [44] used hydrogen fuel cell performance to compare two membranes having different proton conductivities. The Hyflon membrane had a greater proton conductivity than the Nafion membrane. It had superior fuel cell performance at current densities greater than 500 A/m 2 . However at small current densities, such as the values in Figure 7 , the fuel cell performance with the two different membranes was essentially the same. Thus Zadi's experimental results were consistent with the computational results shown in Figure 7 indicating that proton conductivity had no effect at small current densities.
Proton diffusivity in the electrolyte phase was also investigated. The term proton diffusivity refers to the diffusion of protons caused by a proton concentration gradient. The effect of proton diffusivity on the fuel cell performance is shown in Figure 8 . When the proton diffusion coefficient (D H+-ZrP ) increased by more than an order of magnitude (from 3x10 Table 1. of variables investigated. From these observations, it was concluded that the proton diffusion coefficient did not affect fuel cell performance when compared to the other variables.
Water diffusivity in the electrolyte phase was also investigated. Its effect on the fuel cell performance is shown in Figure 9 . When the water diffusion coefficient (D H2O-ZrP ) changed from 2x10 −10 to 2x10 −2 m 2 /s, there was no noticeable change at any position in the polarization curve. Therefore it was evident that changes to the water diffusion coefficient had virtually no effect on the overall performance of the DPFC.
The propane inlet mole fraction in the feed (y Pinput ) (which is related to the reactants' ratio of propane to water) to the fuel cell was also investigated. Its influence on the overall performance of the fuel cell is shown in Figure 10 . At a current density of 20 mA/cm 2 , as the propane inlet mole fraction increased (from 0.08 to 0.8), the potential difference between the fuel cell electrodes also increased (i.e., from 0.45 to 0.65 V). Increasing the propane inlet mole fraction increases the propane partial pressure and thereby increases the propane adsorption rate. That would be one explanation for its comparatively large impact on the fuel cell performance.
The propane inlet molar flow rate was also investigated. Its effect on the overall performance of the fuel cell is shown in Figure 11 . At a current density of 40 mA/cm 2 , as the propane inlet molar flow rate (m P ) increased by a factor of eight, from 2x10 −6 to 16x10 −6 gmol/s, the potential difference between the fuel cell electrodes also increased from 0.36 to 0.40 V. Therefore, the propane inlet molar flow rate had little impact on the propane partial pressure, as shown in Figure 11 . The propane inlet molar flow rate will only have an effect if it changes the propane mole fraction. It is known that changing the propane inlet mole fraction, shown in Figure 10 , had a significant impact on the propane partial pressure. Since the current densities with all the DPFC polarization curves discussed in this report are small, compared to those with hydrogen PEMFCs, the conversion of propane will also be small. As a result the gas phase concentration of propane will not change much. That is consistent with the observation in Figure 11 that, at an inlet propane mole fraction of 0.1, variations in the inlet propane flow rate only caused small changes to the performance of the DPFC.
The effect of the fuel cell operating temperature on its overall performance is shown in Figure 12 . At a current density of 40 mA/cm 2 , as the fuel cell operating temperature (T) increased from 373 K (100 ∘ C) to 523 K (250 ∘ C), an increase in absolute temperature of 29%, the potential difference between the fuel cell electrodes increased, from 0.35 to 0.43 V. It was Table 1. evident that temperature caused an appreciable improvement in the fuel cell performance. The potential difference between the electrodes of a fuel cell normally increases when the fuel cell operating temperature increases.
The report by Chandran et al. [38] examined fuel cell performance when the temperature increased from 40 to 60 ∘ C. In addition Ferrell et al. [45] demonstrated that fuel cell performance increased when the temperature increased from 60 to 80 ∘ C. Both those results are consistent with the increase in fuel cell performance that occurred with increasing temperature shown in Figure 12 . However Ferrell et al. also performed experiments at 100 ∘ C. The fuel cell performance at 100 ∘ C was inferior to that at 80 ∘ C. The diminished performance was caused by the decrease in electrolyte membrane water content as the temperature approached the boiling point of water.
The final variables investigated were the anode and cathode total operating pressures in a DPFC. Their effect on the overall performance of the fuel cell is shown in Figure 13 . At a current density of 40 mA/cm 2 , as the fuel cell operating pressure (P) increased from 1 to 11 atm, the potential difference between the fuel cell electrodes increased from 0.38 to 0.71 V. From these observations, it was clear that the fuel cell total operating pressure increased the propane partial pressure and, therefore, caused a major role in enhancing the overall performance of the DPFC. This result is consistent with the work of Ferrell et al. [45] who also reported that fuel cell performance improved with increasing pressure.
The variables described above were divided into two groups. The ones related to mass transport were the membrane thickness (Figure 6 ), the proton conductivity (Figure 7) , the proton diffusivity in the electrolyte (Figure 8 ), the water diffusivity in the electrolyte (Figure 9 ), and the propane inlet molar flow rate (Figure 11 ). The previous discussion indicated that all of these mass transport variables had little influence on the polarization curves.
The variables related to reaction rate were the anode exchange current density (Figure 3) , the cathode exchange current density (Figure 4) , the electrode layer thickness (Figure 5 ), the propane inlet mole fraction (Figure 10 ), the temperature (Figure 12) , and the pressure (Figure 13 ). The Table 1. previous discussion indicated that all of these reaction rate variables had a significant influence on the polarization curves. Therefore mass transport appears to have little effect while reaction rate appears to have a significant effect on the polarization curves.
These results indicate that direct propane fuel cells are quite different than hydrogen PEMFCs. For hydrogen PEMFCs transport processes such as proton transport across the electrolyte and transport of oxygen through the liquid phase water at the cathode are important phenomena. For any type of fuel cell (including a DPFC) for which reaction rate is the dominant process throughout the entire polarization curve, the ΔΦ cell ordinate of the polarization curve should decrease and approach the limiting current density, j, (abscissa of the polarization curve) asymptotically. That asymptotic approach has been reported in all the experimental work on direct propane fuel cells that were reviewed in the introduction of this report. In contrast it is common for experimental polarization curves for hydrogen PEMFCs to contain a "knee" at larger current densities where an almost horizontal slope changes to an almost vertical slope, as the limiting current density is approached. The "knee" is normally caused by a change in the oxygen transport mechanism through the cathode diffusion layer.
Reaction rate phenomena are dominant up to approximately 100 mA/cm 2 in both DPFCs and hydrogen PEMFCs. The difference is that DPFCs are near their limiting current density at 100 mA/cm Table 1. could have a greater impact without negative side effects. As noted earlier in this report, the performance of SOFCs fed with methane improved substantially when the methane was converted to hydrogen in a catalyst layer that preceded the layer where the electrochemical reaction of hydrogen molecules to protons occurred. In DPFCs there are several chemical reactions that precede the electrochemical reaction [9] . They include water dissociation, dehydrogenation, carbon-carbon bond cleavage, and hydroxylation. In principle, catalysts for those reactions could be added near the catalyst layer used for the hydrogen to proton electrochemical reaction.
Conclusions
Mass transport appeared to have little effect while reaction rate appeared to have a significant effect on DPFC polarization curves. In at least one way, DPFCs were found to be different than hydrogen PEMFCs. For DPFCs, the surface reaction rate is the dominant process for the entire polarization curve. In contrast, for hydrogen PEMFCs, the dominant phenomenon changes from reaction rate to migration of protons through the electrolyte to oxygen transport through the cathode diffusion layer, as the current density increases. However, hydrogen PEMFCs are able to operate at much larger current densities than direct hydrocarbon PEMFCs. At the same small absolute values of current densities, surface reaction rate phenomena are dominant in both types of fuel cells. Finally there is some indication in the literature that alternate catalyst compositions that have more favorable exchange current densities in direct hydrocarbon fuel cells may be found. Proton conductivity (S/m). 
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Data Availability
The data used to support the findings of this study are included within the article. gmol/s, (ii) solid diamonds: 8x10 −6 gmol/s (reference case), and (iii) open triangles: 2x10 −6 gmol/s. All the other parameters were the same as the reference case mentioned in Table 1 . Table 1 . Table 1 .
